Abstract The epithelium-mesenchymal transition (EMT) is an important process of cell plasticity, consisting in the loss of epithelial identity and the gain of mesenchymal characteristics through the coordinated activity of a highly regulated informational program. Although it was originally described in the embryonic development, an important body of information supports its role in pathology, mainly in cancerous and fibrotic processes. The purinergic system of inter-cellular communication, mainly based in ATP and adenosine acting throughout their specific receptors, has emerged as a potent regulator of the EMT in several pathological entities. In this context, cellular signaling associated to purines is opening the understanding of a new element in the complex regulatory network of this phenotypical differentiation process. In this review, we have summarized recent information about the role of ATP and adenosine in EMT, as a growing field with high therapeutic potential.
The purinergic system of intercellular communication General aspects The term purine (from: pure urine) was created more than 130 years ago by Emil Fischer after detailed analytical characterization of the uric acid molecule [1] . Purine molecular structure is the result of fusing pyrimidine and imidazole rings, and it exists as four N-H tautomeric forms [2] . Tautomerism of purine bases in DNA is one of the earliest reasons for mutations [3] [4] [5] . The interconversion of the different adenine or guanine tautomers produced mispairing with pyrimidines (which also show tautomeric forms) that may lead to changes in DNA sequence [6] .
Purine molecules appeared very early in the history of our planet, in the period known as Borganic evolution^, before the establishment of living systems. It has been postulated that purines could be formed by a eutectic (denoting a mixture of substances in fixed proportions that melts and freezes at a single temperature that is lower than the melting points of any of the separate constituents) concentration of HCN at extremely low temperature over a period of dozens of years [7] . Purine molecules, such as adenine and guanine, are components of the genetic material (DNA and RNA) of all living beings. Purine and pyrimidine tautomeric equilibria in nucleic acids was postulated to be significant in events such as DNA replication and repair as well as in the occurrence of point mutations [8] .
As nucleosides and nucleotides, purines play other highly strategic roles, acting as energy intermediates, allosteric regulators of key metabolic activities, redox molecules, and chemical messengers for signal transduction events. The two most important purines serving as extracellular ligands for paracrine and autocrine signaling are ATP and its dephosphorylated form, adenosine (ADO). ATP and ADO act as intracellular intermediate metabolites, and their presence in the extracellular milieu is needed to promote physiological responses. However, clear differences exist in the manner by which they reach the extracellular space: whereas ATP is released by highly regulated events, ADO appears in the extracellular space when ATP is degraded by phosphate-removing enzymes known as ectonucleotidases [9, 10] . There are many examples of coordinated actions of ATP and adenosine, for example in the neuromuscular synapse, where the ATP released from sympathetic nerves terminal initiates the contractile response of vas deferens smooth muscle cells by a rapid action on P2X7 receptors; ATP is cleared by the action of ectonucleotidases and the formed adenosine, acting on presynaptic P1 receptors inhibits the ATP release giving as a final result the modulation of synaptic activity [11] .
ATP release ATP acting as a cellular messenger can be released by hypotonic stress-induced cell swelling, direct deformation of the surface membrane, fluid shear stress, and membrane-cytoskeletal rearrangements associated with G protein-coupled receptors (GPCR) [12] . Two main pathways are responsible for this regulated release of ATP: exocytotic and conductive (for review, see [13] ). The first mechanism involves 1) Golgi-derived secretory vesicles mobilized by constitutive exocytotic pathways utilized by protein secretion, and 2) specialized secretory granules that actively accumulate ATP which is released during Ca 2+ -dependent regulated exocytosis. In addition, intracellular ATP can also transit to the external medium via ATP-permeable channels. So far, 4 types of channels have been involved in ATP efflux: 1) hexamers of hemi-channels of various connexin-family subunits, 2) hexameric assemblies of pannexin protein subunits, 3) volume-regulated anion channels (VRAC), and 4) maxianion channels. Although ATP is present within cells at mM concentrations, dynamic intracellular gradients of ATP have been reported in several cellular systems [14] ; however, no reports exist regarding the control of ATP released from defined subcellular domains.
ADO formation from ATP role of ecto-nucleotidases As a chemical ligand, ATP is able to exert a set of diverse actions by acting through its G protein-coupled receptors and receptor-channels. In contrast to other cellular communication systems, ATP hydrolysis yields an alternative purine (ADO) that is recognized by a completely different set of receptors. ADO often has effects antagonistic to those of ATP, providing an elegant mechanism of homeostatic regulation [15] . The conversion of ATP to ADO is carried out by a set of extracellular hydrolytic enzymes generically called ecto-nucleotidases. These include members of the E-NTPDase (ectonucleoside triphosphate diphosphohydrolase) family and the E-NPP (ectonucleotide pyrophosphatase/phosphodiesterase) family. Ecto-5´-nucleotidase (ecto-5´-NT) and alkaline phosphatase (AP) also catalyze the degradation of ATP to ADO (for review, see [16, 17] ).
Purinoceptors Two families of purinergic receptors known as P1 and P2 (for ADO and ATP/ADP, respectively) were postulated almost 40 years ago (in 1978); however, it has been proposed the existence of another subfamily of receptors activated by the nucleobase adenine named P0 receptors [18] .
Based on pharmacological studies and later supported by molecular characterization, 2 types of P2 receptors (P2X and P2Y) were recognized. P2X receptors are trimeric, ligandgated ion channels; whereas P2Y receptors are 7 transmembrane spanning G-protein coupled proteins (for recent reviews, see [19] [20] [21] ). So far, 7 P2X subunits (P2X1-7) and 8 P2Y receptor subtypes (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12, P2Y13, and P2Y14) have been identified, including receptors whose ligands are pyrimidines and purines [22] . Four types of P1 ADO receptors (ADORA) (see [23] ) have been cloned: ADORA1, ADORA2A, ADORA2B, and ADORA3. ADORA receptors are members of the rhodopsin-like family of G protein-coupled receptors. ADORA1 and ADORA3 negatively regulate adenylyl cyclase, reducing cAMP synthesis by acting through the Gi/o protein subunits. ADORA1 is also linked to various kinase pathways such as protein kinase C (PKC), phosphoinositide 3 (PI3) kinase and the mitogen-activated protein (MAP) kinases. In addition, ADORA1 activation can directly activate K + channels and inhibit Q-, P-and N-type Ca 2+ channels [24] . The proposed P0 receptors are also GPCR, the first one was cloned in 2002 from rat tissue [25] , recently has been cloned from, mouse and guinea pig [26, 27] , P0 receptor are mainly coupled to Gi protein and in consequence to the inhibition of adenylate cyclase [18, 25, 26] , and are expressed in lung, ovaries, kidneys, and nervous system [25] .
Growing evidence highlights the physiological and pathological impact of purinergic system as a paracrine messenger, contributing to understanding the importance of chemical signaling in the extracellular environment. Two notable examples let us to appraise the impact of purinergic Bparacrinome^, understood as the nucleotide availability, diversity receptor expression and ectonucleotidase activity in the cellular function. First, the role of ATP as damage-associated molecule patterns (DAMPs), in which the accumulation of the nucleotide in the extracellular space triggers the activation of the NLRP3 inflammasome, contributing with the establishment of the pathological state, for example in the genesis of chronic liver disease [28, 29] ; and second, the positive feedback loop present in the tumor interstitium by accumulation of the high concentrations of ATP and adenosine, that contributes with tumor progression [30] . From both situations is clear that the fine tuning of the nucleotide species and its concentration in the extracellular space is fundamental for the homeostatic state. In the following sections of this review we will show that extracellular nucleotides also regulate cell differentiation and the implications of this regulation are decisive for the cellular function.
The epithelium to mesenchymal transition
What is EMT? EMT is an important process of cellular transdifferentiation consisting in the change from an epithelial to a migratory mesenchymal phenotype. This process is an example of the great plasticity displayed by embryonic and well-differentiated tissues, and it has been shown to be of capital relevance in morphogenesis, tissue repair, and pathological conditions such as fibrosis and cancer [31] [32] [33] .
Initially, the process was described as the Bepithelium to mesenchymal transformation^(EMT), a term coined in the late 60's by Elizabeth Hay, who described the cellular events during the remodeling of embryonic tissues [34] . Importantly, the EMT is the principal mechanism of early morphogenic events. It is an important process in the formation of the mesoderm from the primitive ectoderm, named the epiblast, at the beginning of gastrulation, which is a mechanism conserved from invertebrates to mammals [35] . EMT is a reversible phenomenon since the mesenchymal to epithelium (MET) process is also observed in normal physiology. For example, it occurs during the development of the nephron epithelium during kidney morphogenesis [36] .
Greenburg and Hay observed EMT in well-differentiated epithelia in 1982 [37]. They described how epithelial tissues cultured in collagen gels lost polarity, became dissociated and acquired migratory abilities, becoming phenotypically indistinguishable from mesenchymal cells. This groundbreaking observation opened a new paradigm in the study of cellular plasticity with important implications for our understanding of tissue dynamics in physiological and pathological conditions. Epithelia are highly organized structures where specialized cells located over a basal membrane (BM) display a basoapical polarity, and under normal conditions they are kept in situ since they are unable to cross the BM. Because epithelia form the boundaries delimiting tissues and organs, they have a key role in regulating tissue permeability; thus, epithelial cells are strongly, but at the same time, finely coupled with their neighbors through specialized protein complexes such as adherens junctions, desmosomes, and tight junctions [38, 39] .
On the other hand, cells with the mesenchymal phenotype do not show direct coupling between neighboring cells, and they acquire the ability to migrate by means of specialized structures such as the intermediate filaments formed by vimentin. Mesenchymal cells change the type of adhesion molecules and express high levels of N-cadherin. It is well known that when cancerous cells undergo EMT, they become metastatic by acquiring the ability to cross the BM and transit throughout the extracellular matrix (ECM). Cancerous cells that show motility usually express high levels of metalloproteinases [31] .
It has been proposed that EMT occurs in 3 different modalities: 1) the one associated with morphogenesis, which is an EMT without invasive properties; 2) the EMT that occurs in fibrogenesis as well as in the wound-healing process; 3) the EMT that occurs in cancer cells and gives these cells a metastatic phenotype [32, 40] .
Regulation of EMT An important molecule whose expression is down-regulated in the EMT process is E-cadherin. Loss of E-cadherin is implicated in the disappearance of α-and β-catenins from the cellular junctions, concomitant with the loss of the epithelial phenotype [41] . Thus, they are not only structural proteins, but they are also signaling elements supporting the epithelial identity.
EMT is triggered by a variety of signaling molecules. The most important inducer of EMT is the cytokine transforming growth factor-β (TGF-β), acting through its transducers, the SMAD proteins [42] . Most of the factors that promote EMT (i.e., epidermal growth factor (EGF), fibroblast growth factor (FGF), platelet-derived growth factor (PDGF), hepatic growth factor (HGF), vascular and endothelial growth factor VEGF) act through specific receptors that show intrinsic tyrosinekinase activity (RTK) [43] [44] [45] [46] [47] .
The Wnt/β-catenin pathway is another important inducer of EMT. Upon activation by specific ligands, β-catenin is released from the membrane and promotes transcription of genes involved in mesenchymal phenotype induction [48] . Notch and Hedgehog, acting as morphogens, are also able to activate EMT by regulating the expression of Snail [49, 50] .
Another group of molecules with the ability to induce EMT in physiological and pathological conditions are the metalloproteinases (MMP) (reviewed in [51] ). The role of MMPs as EMT inducers has been described in kidney, lung, ovary, oral, and mammary epithelium [52] [53] [54] [55] [56] [57] . Their mechanism of action involves the processing and activation of pro-TGF-β in the ECM, as well as the direct proteolysis of E-cadherin [53, 55, 57] .
Although these molecules activate diverse signaling pathways, they converge to regulate the activity of specific transcription factors. It is well recognized that transcriptional control of cdh-1, the gene coding for E-cadherin, is exerted by the following zinc-finger transcriptional repressors: SNAI1 (Snail) and SNAI2 [46, 58] , ZEB1 and ZEB2 [59, 60] , TCF3 and TCF4 [61] , and TWIST proteins [62] . The best known factor regulating EMT is Snail; hence, great effort has been focused on describing the signaling and transduction pathways that regulate its activity. It has been reported that Snail regulates the cdh-1 locus when it is associated with SIN3A, HDAC1, and HDAC2 [63] .
It is clear that induction of EMT is a highly regulated cellular program, whose execution results from a balance of multiple signals; although abundant information is known about the mechanisms involved, many aspects are remain unknown. Recent studies show a role for purines in the mechanisms of EMT regulation (Fig. 1) ; thus, the machinery of the purinergic system represents an emerging finely tuned modulator to be considered in the intricate web of signals modulating EMT.
Purinergic signaling, EMT and invasiveness
In cancer, EMT is mainly related to metastasis of tumoral cells and generation of stem-like cancerous cells and, consequently, to promoting resistance to chemotherapy. Metastasis is the process of cancer cell dissemination from a primary tumor to a different organ to form a secondary tumor. This event occurs mainly through intravasation of lymphatic and blood vessels, although some cancer cells are also able to spread through interstitial tissues under the basal lamina or directly into the peritoneal cavity (e.g., ovarian carcinoma). The metastatic process involves a succession of cellular events comprising tumor angiogenesis, acquisition of an invasive phenotype by primary tumor cells, intravasation of cancer cells into blood and lymphatic vessels, attachment to a target organ, and establishment of a secondary tumor [72] [73] [74] [75] . In this complex succession of events, the phenotypical change of tumor cells to acquire invasive abilities is absolutely necessary. It is in this context that EMT takes on great importance, since it is the principal cellular mechanism of metastatic transformation.
Early observations have shown that maintenance of the epithelial phenotype is highly dependent on the presence of cell adhesion proteins, mainly E-cadherin, and that altering these junction proteins is enough to switch an epithelial phenotype to a mesenchymal phenotype [76] [77] [78] [79] . Furthermore, an analysis of E-cadherin expression in various carcinoma cell lines from bladder, breast, lung, and pancreas showed an inverse correlation with invasiveness, and this correlation was associated with a mesenchymal phenotype [80] . Concomitantly with the loss of adherens molecules, other proteins that are also markers of the mesenchymal phenotype have been reported in cells engaged in EMT; for example, the presence of vimentin, a type III intermediate filament protein, is related to the increased invasive capacity of breast carcinoma cells [81] .
An significant body of literature supports a role for purinergic signaling in cancer (for reviews, see [82, 83] ); some of the most important findings are as follows: 1) the P2X7 receptor is overexpressed in several carcinomas [83] , 2) the tumoral microenvironment shows high levels of extracellular ATP [84] , and 3) a variety of ectonucleotidases are present and their activity forms ADO from ATP and other adenine nucleotides; indeed, ADO has been shown to be important in cancer [85] . Recently, the role of purinergic signaling was analyzed at the onset and during regulation of EMT in transformed cells, with an emphasis on its invasive properties (Table 1) .
Purinergic signaling it has been related with the induction of EMT. For instance, in two prostate cancer (PC) cell lines derived from PC-3cells, stimulationof one typeof P2Y receptor with ATP induced an increase in their migratory and invasive abilities, an action mediated by the activation of kinases ERK and p38 [86] . Eventually, P2Y2 was identified as one of the receptors responsible for the ATP-induced invasive response of the PC cells; the process involved the activation of the EMT program, since expression of the transcripts coding for Snail and IL-8 increased whereas those for E-cadherin and claudin decreased [87] . Further analysis of the molecular mechanism showed that P2Y2 receptor activation during EMTwas associated with EGFR activity. Both signaling systems converge to activate ERK with the concomitant induction of IL-8 [88] , a hallmark of prostate carcinoma invasiveness [100] .
Consistent with these data, a regulatory action of the P2Y2 receptor on EMT and cell migration was also described in the ovarian carcinoma-derived cell line SKOV-3. In this system, stimulation of the P2Y2 receptor with UTP favored the expression of Snail and Twist transcripts, and it induced an increase in the vimentin level. In addition, an increase in cell migration was shown to be associated with EGFR transactivation and the subsequent phosphorylation of ERK1/2. Interestingly, treatment with apyrase, an ectonucleotidase that cleaves ATP to ADP and AMP, reduced basal migration and favored the epithelial phenotype. This action promoted a relocation of E-cadherin to cellular junctions, strongly suggesting that dephosphorylated metabolites of ATP participate in the control of EMT induction [89] . The increment in invasiveness, together with the downregulation of epithelial markers and the expression of mesenchymal markers mediated by the P2Y2 receptor, was also demonstrated in a highly metastatic breast cancer cellular line named MDA-MB-231, through a pathway mediated by PKC activity [90] .
In PC, besides P2Y2 receptor, the P2X7 receptor also plays a synergistic role in the induction of EMT and cell invasivity [86]
P2Y2
Prostate cancer PC-3 ATP through P2RY2 receptor increased Snail and IL-8 transcription followed by a decreased E-cadherin and claudin expression.
[87]
Prostate cancer cells, 1E8 and 2B4 P2RY2 transactivated EGFR and induced ERK 1/2 activity and IL-8 upregulation. Also increased migration and induced EMT.
[88]
Ovarian cancer cells, SKOV-3 Incubation with UTP increased EMT and migration; P2RY2 knockdown reduced the effect. EGFR transactivation and ERK1/2 activity are needed for EMT and migration.
[89]
Breast cancer cells, MDA-MB-231 P2RY2 increases invasiveness and downregulation of epithelial markers, the mechanism involves PKC signaling.
[90]
P2X7
Prostate cancer cells, 1E8 and 2B4 Agonists for P2RX7 increase EMT inducers such as Snail and mesenchymal markers. Genetic and pharmacological tools that inhibit P2RX7 block the effect; participation of ERK and AKT signaling.
[64]
Breast cancer cells, T47D Increment in invasiveness and effect on EMT markers expression (E-cadherin and MMP-13) through AKT pathway.
[66]
P2Y12 B16 melanoma cells and Lewis lung carcinoma (LLC) cells in a murine metastasis model
P2RY12 −/− mice showed less cancer cell invasivity, and their platelets secreted less TGF-β than those from wild-type mice, suggesting a role for the P2RY12 receptor in inducing TGF-β-mediated EMT in cancer cells, favoring metastasis.
[91]
P2Y6
Breast cancer cells, MDA-MB-468 P2RY6 was over-expressed after hypoxia and EGF-induced EMT, P2RY6 knockdown and pharmacological treatment reduced mesenchymal markers and migration.
[92]
NT5E
Gallbladder cancer cells, GBC-SD TGF-β favored a mesenchymal phenotype and increased expression of the NT5E enzyme.
[93]
Ovarian tumors Expression of NT5E in stromal tumor cells with markers of EMT, suggested role of ectonucleotidases in the invasion process.
[94]
Human equilibrative nucleoside transporter 1 (hENT1),
Renal fibrosis
Protective role against TGF-β-induced fibrosis and EMT. Lack of hENT1 increased fibrosis and EMT as well as CD73 expression.
[95]
ADORA2B
Renal fibrosis, NRK49F Adenosine upon ADORA2B receptor mediates an increment on SMA-α, IL-6, TGF-β.
[96]
ADORA2A
Dermal fibrosis ADORA2A antagonism promotes reduction on collagen content and expression of pro-fibrotic factors in ADA-deficient mice.
[97]
ADORA3
Renal fibrosis Antagonism of ADORA3 receptor protected against in vivo-or in vitro-induced fibrosis, increased E-cadherin expression, and reduced α-SMA.
[98]
ADORA2A
Renal fibrosis Agonist of ADORA2A receptor protects against EMT induction and renal fibrosis development.
[99]
Purinergic Signalling (2017) 13: [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] by activating the ERK1/2 and PI3K/AKT pathways [64] . It was demonstrated that P2X7 receptor activation enhances invasiveness through a mechanism involving Ca 2+ -activated SK3 K + -channel activity in the mammary carcinoma cell line MDA-MB-435 s [65] . In addition, P2X7 receptor activation in T47D breast cancer cells induces an increase in cell invasiveness associated with the expression of EMT markers, such as E-cadherin and MMP-13, via the AKT pathway [66] .
In agreement with that, some important studies have demonstrated that P2X7 receptor activation is able to regulate pathways directly involved in EMT program switching. Tumors induced by the implant of HEK-293 cells heterologously expressing P2X7 receptors in immunodeficient mice showed elevated growth rate, an anaplastic phenotype, and high production of VEGF a well-known EMT inductor [67] . In cell lines derived from neuroblastoma or ovarian carcinoma, P2X7 receptor activity is correlated with high tumoral growth and metastatic induction, effects that involve PI3K/ AKT pathway activity [67] [68] [69] [70] . Moreover, in pancreatic ductal adenocarcinoma cell lines, P2X7 receptor activity regulates migration and invasion, responses associated with EMT induction [71] .
A recent study used knockout mice to examine the role of P2Y12 receptor expressed in platelets during pulmonary metastasis. It demonstrated that a finely tuned coordination between platelets and cancerous cells eventually modulates tumor cell invasiveness through EMT induction. The paracrine loop involved AMP released from cancerous cells, which was the agonist for the platelet P2Y12 receptor to promote TGF-β release; this cytokine, in turn, induced EMT in lung cancer cells, thus allowing metastasis [91] .
ATP elicited a reduced Ca 2+ response during EMT in MDA-MB-468 breast carcinoma cells under hypoxic conditions; this response correlated with a lower expression of P2X4, P2X5, P2X7, P2Y1, and P2Y11 purinergic receptors, and an elevated expression of P2Y6 [92] . P2Y6 receptor overexpression has been associated with EMT induced by growth factors and hypoxia; accordingly, the pharmacological inhibition or genetic silencing of this receptor prevented the induction of EMT and the increase in cellular migration [92, 101] . The role of UDP in the tumor microenvironment activating the P2Y6 receptor and the concomitant metastatic transformation were also shown in breast cancer cell lines MDA-MB-231, Hs578t, BT-549, and MCF-7; these responses were characterized by the expression of MMP-9 and the activation of MAPK and Nf-κB [101] . These observations supported the idea that high expression of the P2Y6 receptor mediated EMT induction and correlated with the high invasivity of breast cancer tumors. In agreement with the in vitro evidence, patients with tumors showing high P2Y6 receptor expression have a poor prognosis [92, 101] . Importantly, it was shown that UDP is released in response to chemotherapy, highlighting a putative mechanism for drug resistance [101] . This observation is relevant from a translational perspective and it suggests that the P2Y6 receptor is a potential pharmacological target in breast cancer; moreover, it emphasizes the role played by released nucleotides (ATP and UTP) during radiochemotherapy as strong pro-metastatic factors [102] .
As previously mentioned, TGF-β is one of the most powerful inducers of EMT; for example, in a gallbladder carcinoma cell line it promotes a mesenchymal phenotype with a notorious increase in the expression of ectonucleotidase CD73, the enzyme that dephosphorylates AMP to adenosine, suggesting that the nucleoside could be fundamental in the EMT induction program activated by TGF-β in this cell line [93] . However, CD73 has been part of a polemic argument regarding its involvement in the cancerous process. CD73 expression in ovarian carcinoma or medulloblastoma some studies was associated with a good prognosis [103, 104] , while in others it was associated with a poor prognosis [94] . Interestingly, Turcotte et al. observed CD73 expression mainly in stromal cells with an EMT gene signature, and they proposed that ectonucleotidase is involved in tumor invasion [94] . In recent studies, it was described that tumor-derived exosomes containing ectonucleotidases CD39 and CD73 are able to transfer an EMT program with a pro-metastatic message; the ADO produced by these enzymes exerts a negative modulation of the antitumor immune response facilitating the metastasis process [105] and reviewed in [106] .
On the other hand, a tumor is a heterogeneous entity in which not all cells have the ability to start new cancerous growth because only a small, specific cellular population, known as cancer stem cells (CSC), has that capability [107] . It has been shown that CSC and cells undergoing EMT belong to a common population (reviewed in [33]), and CSC isolated from mammary cancer are able to form spheroids and display EMT markers. In this context, expression of transcription factors, such as Slug and Sox9, was demonstrated both in CSC and during EMT [108, 109] . Purines, through P2X7 receptors, contribute to the maintenance of stemness in embryonic stem cells [110] , and they regulate the proliferation rate of cancer stem cells and endothelial progenitors [111] . Further studies are needed to confirm and extend purinergic regulation in CSC biology.
Numerous genomic studies have recently characterized EMT induction in detail. The molecular signature of EMT is a good predictor of chemo-resistance and neoplastic disease lethality [112] [113] [114] [115] [116] ; thus, EMT gene expression signature predicts chemo-resistance to EGFR and PI3K inhibitors in nonsmall cell lung-carcinoma (NSCLC) cells [113] . It has also been proposed that the ongoing EMT signature predicts the systemic recurrence of tumoral development in breast cancer [117] . It will be interesting to explore, in the context of this experimental approach, a possible participation of purinergic signaling elements in the molecular characteristics of cancerous processes.
Purinergic signaling, EMT and fibrosis
Fibrosis is a pathological state similar to an aberrant scarring process; it is characterized by the abnormal accumulation of extracellular matrix (ECM) components as a consequence of a chronic inflammatory response [118, 119] . It is well known that myofibroblast (MFB) is the main cell type with the capacity to synthesize collagen in the fibrotic state [119, 120] . The origin of these collagen-forming cells is not always clear, but it has classically been accepted that they derive from tissue-resident fibroblasts; recent evidence suggests that other cell populations (i.e., organ epithelial cells) are also able to generate MFB during EMT induction. Moreover, it is clear that type 2 EMT of epithelial cells from organs undergoing fibrosis results in the ability to produce ECM components [121, 122] . For example, MFB in the liver mainly originates from the activation of hepatic stellate cells (HSC) [119] ; however, adult hepatocytes that undergo EMT induced by TGF-β can also contribute to the MFB population [123] [124] [125] . It has been demonstrated that the hepatocyte-derived myofibroblast subpopulation is positive for fibroblastspecific protein 1 (FSP-1), whereas MFB derived from HSC are positive for α-smooth muscle actin [123] . Likewise, bile-duct epithelial cells can contribute to the MFB population, since these cells express EMT markers associated with bile duct ligation and bile duct atresia in humans [123, 126] .
Similarly, it has been shown that resident renal epithelial cells undergo partial EMT that contributes to the interstitial fibrosis phenotype in kidney fibrosis [127, 128] . This phenomenon has also been described in cardiac fibrosis [129] . A variety of observations highlight the importance of EMT as an underlying cellular mechanism of fibrosis, which generates new opportunities to gain a mechanistic understanding of this pathological condition.
There are several reports that show a regulatory role for purinergic receptors in the fibrotic process of different organs (reviewed in [130] ), but less has been said about the EMT mechanism in this pathological process. ADO signaling has a role in renal fibrosis; particularly the human equilibrative nucleoside transporter 1 (hENT1) was reported to play a protective role in maintaining the epit h el i a l p h en o t y p e ; s i n c e b l o c k i n g h E N T 1 w i t h dipyridamole induced EMT in proximal tubular cells (PTC) generating myofibroblasts and favoring a fibrotic process. hENT1 knockdown in the HK-2 renal cell line induced the expression of markers of the mesenchymal phenotypic markers. These observations imply that extracellular accumulation of ADO, triggered by a blocking or silencing of the hENT1 expression, acts as an inducer of EMT and, eventually, of fibrosis [95] .
Interestingly, the expression of CD73, the ectonucleotidase that catalyzes ADO formation, increased with TGF-β, the most potent inductor of EMT thus indicating ADO participation in EMT induction [95] . In this context, it was shown that there is a reduced expression of hENT1 during the TGF-β-induced EMT of the human umbilical vein endothelium; this reduction supports the notion that hENT1 is an essential target of TGF-β in activation of the EMT program [131] .
The described observations are consistent with previous evidence demonstrating a pro-fibrotic role for ADO; for example, ADO induces the increment of transcripts for pro-fibrotic, inflammatory and EMT mediators, including TGF-β, IL-6 and α-SMA, through the activation of ADORA2B in renal cell line NRK49F [96] . Furthermore, ADORA2A stimulation in dermal fibroblasts induces an augment in the abundance of collagen 1 and 3 proteins, and its blockade prevents pharmacologically-induced dermal fibrosis [97] ; it has been described that this effect is mediated by the cAMP accumulation elicited by ADORA2A activity and by a subsequent AKT activation, but it is independent of the TGF-β/SMAD pathway [132] . Downstream, ADORA2A stimulation regulates the activity of Fli-1 and CTGF transcription factors to modulate the expression level of collagen I gene [133] .
Certainly the balance between extracellular and intracellular ADO is a key evidence in EMT and fibrotic process regulation. It has been reported that some receptor-mediated mechanisms could explain the pro-fibrotic role of ADO; for instance, LJ-1888, an antagonist of the ADORA3 receptor, prevented the induction of fibrosis by either unilateral urethral obstruction (UUO) or TGF-β administration (in vivo and in vitro, respectively). Treatment with LJ-1888 reduced the accumulation of α-SMA (mRNA and protein) and increased the transcription of E-cadherin, again emphasizing the role of ADO in the induction of EMT and in the onset of fibrosis. LJ-1888 was also effective in reducing and reversing tubuleinterstitial fibrosis in an obstructed kidney model in mice [98] .
On the other hand, there are observations which show that ADO has a protective role in liver fibrosis, since the systemic administration of the nucleoside protects against the CCl 4 -induced fibrosis [134, 135] . In this context, renal fibrosis (RF) induced by UUO exacerbated the expression of EMT induction markers and fibrosis indicators in knockout mice; accordingly, ADORA2A activation with the agonist CGS21680 reduced EMT and the onset of renal fibrosis in wild-type littermates with the UUO model. ADORA2A activity increased its own expression and E-cadherin levels, and it conversely reduced α-SMA expression, collagen deposition, and TGF-β expression, which demonstrates the role of this receptor in protection against tissue failure [99] .
Overall, ADO signaling should be considered a potential therapeutic target in fibrotic conditions through the modulation of either the ADORA2A or ADORA3 receptors, or by the activities of the hENT1 transporter and the CD73 ectonucleotidase.
Concluding remarks
This review highlights the role that purinergic signaling plays in the onset and development of EMT. ATP and ADO are now well-recognized modulators in cancerous processes involved in metastatic spreading and fibrosis induction. This information opens a window of opportunity to gain a better understanding of the EMT phenomenon and to design potential therapeutic approaches to control diseases. 
